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FREFACE 


This  Memorandum  describes  the  design  concept  of  a  display  simulator. 
The  purpose  of  the  simuTatoi  is  to  present,  on  a  viewing  screen,  one  or 
more  images  whose  individual  size  and  shape,  color  and  brightness,  and 
position  may  be  accurately  controlled  and  varied  with  respect  to  real 
time.  Such  equipment  could  be  used  to  advantage  in  many  research  efforts 
related  to  the  psychophysics  of  color,  color  discrimination  tests  for 
radar  observers,  false  color  displays,  etc. 

A  display  simulator  such  as  that  described  herein  has  been  built 
by  The  RAND  Corporation  for  an  ARPA  project  dealing  with  human  discrimi¬ 
nation  possibilities  in  missile  defense  systems. 
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SUMMARY 

In  connection  with  a  study  dealing  with  human  discrimination  pos¬ 
sibilities  in  missile  defense  discrimination,  it  was  decided  to  test 
the  ability  of  human  observers  to  discriminate  color  differences  among 
widely  spaced  moving  images.  3efore  these  color  discrimination  tests 
were  conducted,  it  was  necessary  to  develop  the  equipment  for  such 
visual  presentations. 

Several  approaches  to  the  design  of  this  equipment  were  considered, 
and  it  was  decided  to  se  motion  picture  color  photography,  which  seemed 

V 

to  be  the  most  expedient  method  that  satisfied  the  requirements  of  the 
discrii  rnation  tests.  Equipment  was  developed  to  produce  colored  images 
on  motion  picture  film  by  photographing  a  light  source  through  several 
combinations  of  filters.  Before  an  animation  was  filmed,  the  motion 
picture  film  was  calibrated  for  color  rendition,  making  it  possible  to 
produce  the  desired  color  on  each  film  frame  by  means  of  different  filte 
settings. 

The  display  simulator  provides  the  multiple  images  required  for 
the  discrimination  tests,  and  permits  close  control  over  image  para¬ 
meters  such  as  color  and  posit  ion.  fylhe  range  of  the  simulator's  color 
capability  with  the  present  film  and  exposure  technique  is  somewhat  less 
than  that  detectable  by  the  human  visual  system.  However,  as  the  image 
colors  in  the  discrimination  tests  are  of  low  saturation  and  grouped 
around  white,  this  limitation  is  acceptable.  Other  applications  of  the 
display  simulator  might  deman  more  saturated  colors,  which  could  be 
produced  by  changes  in  exposure  technique  or  minor  modifications  to 
existing  hardware. 

The  significance  of  the  development  of  this  hardware  is  that  (1) 
display  simulation  equipment  can  be  built  to  incorporate  the  use  of 
subtractive  color  films,  and  (2)  the  physical  specification  of  the 
colors  can  be  accurately  controlled  by  using  reputable  subtractive 
color  films  subject  to  consistency  of  manufacturing  and  processing. 
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SYMSQLS* 


CIE  chromaticity  coordinates 


L  =  Luminosity,  or  fraction  of  luminous  transmission  to 
the  CIE  Standard  Observer 


\  =  Wavelength  of  radiation,  mici  is  (or  millimicrons) 

3200°K 

tungsten  =  Spectral  energy  distribution  of  an  incandescent  tungsten 
lamp  whose  filament  is  at  a  temperature  of  3200  deg 
Ke Ivin 


Fraction  of  light  transmission 
Density  *  log  l/T 

2 

Spectral  sensitivity  =  ergs/cm 
Exposure  =  meter-candle-seconds 

Image  location  coordinates 


Symbols  pertinent  to  the  FORTRAN  computer  program  are  listed 
in  Table  1. 
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I .  INTRODUCTION 

False  color  displays  making  use  of  the  color  discrimination  capa¬ 
bility  of  a  tuiman  observer  have  many  applications.  For  instance ,  let 
us  assume  that  we  have  several  sources  of  radiation,  such  as  ICBM  war¬ 
heads  and  decoys  during  atmospheric  re-entry,  each  emitting  infrared, 
radar  return,  and  visible  (optical)  signals  in  various  ratios.  By  the 
use  of  e lectro-optical-mechanical  devices,  each  type  of  signal  from  a 
given  source  could  be  transformed  into  a  characteristic  color  image, 
superimposed  on  the  others,  and  displayed  as  a  single  color  image. 

If  the  additive  primaries  red,  green,  and  blue  were  used  (the  additive 
system  is  discussed  in  Section  II),  the  color  and  brightness  of  the 
combined  image  for  each  re-entry  body  would  depend  on  the  strength  ratio 
of  the  infrared,  radar,  and  visible  signals.  Since  the  human  visual 
system  can  discriminate  subtle  differences  in  color  and  brightness, 
small  differences  between  these  signal  strengths  might  be  readily  vis¬ 
ible  on  the  display. 

In  the  past,  considerable  research  has  been  done  on  the  human 
visual  system  to  determine  its  color  discrimination  level  when  viewing 
a  bipartite  field, ^  but  few  Investigations  have  been  carried  out  to 
determine  color  discrimination  capabilities  with  regard  to  widely  sep¬ 
arated,  small  moving  images.  In  connection  with  an  ARi'A  project,  RAND 
has  undertaken  a  series  of  color  discrimination  tests  on  human  observers, 
using  separated  moving  images.  Before  the  completion  of  the  display- 

simulator,  color  discrimination  tests  using  stationary  images  were  per- 

•k 

formed  on  several  observers.  The  need  to  extend  this  testing  program 
to  include  moving  images  was  the  impetus  for  building  the  display  simu¬ 
lation  hardware. 

It  is  relatively  easy  to  project  a  stationary  image  or  spot  of  light 
of  a  specific  color  and  brightness  on  a  rear-projection  surface.  To  ac¬ 
curately  control  changes  of  position,  color,  and  brightness  of  one  or 
more  of  these  images  on  a  display  format  with  respect  to  time  is  some¬ 
what  more  difficult.  Three  alternative  methods  were  considered:  First, 


This  work  will  be  reported  in  a  forthcoming  publication. 
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the  use  of  three  synchronized  movie  projectors  with  the  red,  green,  and 
blue  additive  records  of  each  image,  projected  in  superposition;  second, 
the  use  of  a  color  TV  display  with  the  red,  green,  and  blue  records  pre¬ 
programmed  on  three-channel  tape;  and  third,  the  exposure  of  a  subtrac¬ 
tive  color  movie  film.  The  last  method  was  chosen  as  the  most  satis¬ 
factory  for  our  purposes.  The  first  method  requires  the  use  of  triple 
optics  in  both  original  photography  and  projection,  and  poses  difficult 
image  registration  problems.  The  second  requires  a  large  amount  of 
electronic  equipment  and  would  very  likely  produce  a  relatively  poorly 
defined  image. 

A  brief  review  of  color  specification  and  color  systems  is  presented 
in  Section  II  lor  the  reader  who  may  be  unfamiliar  with  the  physics  and 
psychophysics  of  color.  Section  III  deals  with  the  theory  of  subtrac¬ 
tive  color  films.  A  description  of  the  theory  of  operation  of  the  dis¬ 
play  simulator  and  a  discussion  of  its  important  design  features  are 
given  in  Section  IV.  Section  V  describes  the  calibration  of  one  speci¬ 
fic  type  of  cclor  film  for  use  with  the  simulator.  The  discussion  in 
Section  VI  is  largely  au  evaluation  of  the  capt.bilities  of  the  present 
hardware,  with  suggested  improvements  for  possible  future  simulators. 

A  complete  treatment  of  color  specification,  color  systems,  and 
the  theory  of  subtractive  color  films  is  beyond  the  scope  of  this 
Memorandum,  and  is  covered  thoroughly  in  other  writings;  however,  since 
the  design  of  the  simulator  must  take  cognizance  of  various  parameters 
pertinent  to  these  three  topics,  partic”larly  subtractive  color  films, 
some  discussion  of  each  is  included. 


II,  COLOR  SPECIFICATION  AND  COLOR  SYSTEMS 


The  color  and  brightness  of  the  images  on  the  display  screen  of 

(2) 

tho.  bimulator  are  specified  in  terms  of  the  CIE  Chromaticity  Diagram, 
which  is  shown  in  Fig.  1.  This  diagram  was  established  by  the  Inter¬ 
national  Commission  on  Illumination  in  1931  as  a  standard  graphical 
representation  of  the  appearance  of  a  color  to  the  hum^n  visual  system; 
it  is  based  on  the  assumption  that  the  appearance  of  any  color  may  be 

defined  oy  a  certain  ratio  of  the  mixing  of  the  red,  green,  and  blue 

(a  4) 

tristimulus  values  of  a  hypothetical  standard  objer^er.  This 

diagram  is  actually  three-dimensional,  as  luminosity  or  brightness  is 
on  an  axis  normal  to  the  plane  of  the  page.  The  location  of  the  visual 
color  sensation  is  defined  by  x  and  y  chromaticity  coordinates.  The 
achromatic  or  "white"  point  of  the  display  simulator  image  is  taken  as 
3200°K  tungsten,  which  is  a  very  close  approximation  of  the  color  tem¬ 
perature  of  the  lamp  in  the  projection  system;  color  and  brightness  of 
the  display  image  are  completely  defined  by  the  chromaticity  coordinates 
x  and  y  and  luminosity  L.  The  term  'luminosity'  as  used  herein  is  the 
percent  luminous  transmission  of  the.  film  image  (including  bast  density) 
to  a  3200°K  tungsten  light  source;  the  range  of  the  visible  spectrum  is 
assumed  to  be  from  .38  to  .76  microns.  The  determination  of  x,  y,  and 
L  values  is  discussed  in  Section  V. 

There  are  two  basic  systems  or  methods  of  projecting  a  colored 
image,  one  additive  and  the  other  subtractive.  The  present  display 
simulator  uses  positive  color  motion  picture  film  and  minus  primary 
filters,  both  of  which  are  instances  of  the  subtractive  system. 

With  the  additive  method,  colored  light  from  three  separate  sources, 
usually  red,  green,  and  blue,  is  projected  in  superposition  on  a  highly 
reflective,  spectrally  nonselective  or  "white"  surface.  If  the  spectral 
energy  distributions  of  the  three  light  sources  have  been  properly  cho¬ 
sen,  almost  any  color  that  the  human  eye  is  capable  of  sensing  may  be 
produced  by  mixing  varying  amounts  of  these  colors,  often  referred  to 
as  the  additive  primaries. ^  It  is  possible  to  produce  moving  colored 
images  with  the  additive  method,  but  this  would  require  a  separate  optical 
system  for  each  of  the  three  primaries,  both  in  the  original  photography 
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Fig.  1  —  Color  regions  of  Che  CIE  Chromatirluy  Diagram  (adapted  from 
Evans ,  1948) . 
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and  in  projection;  the  pioblera  of  image  registration  among  the  three 
optical  systems  becomes  quite  significant.  The  early  history  of  color 
photography  reveals  many  attempts  at  additive  tricolor  systems,  some 
of  which  were  moderately  successful,  but  all  of  which  employed  bulky, 
complicated  equipment. 

With  the  subtractive  method,  one  "white"  light  is  projected  on  a 
"white"  surface,  and  the  colo)  of  the  projected  spot  is  changed  by  using 
different  combinations  of  filters  placed  in  the  light  path.  The  hues 
of  these  filters  are  usually  the  corap lementaries  of  the  additive  pri¬ 
maries  and  are  called  cyan  (minus  red),  magenta  (minus  green),  and  yel¬ 
low  (minus  blue),  usually  called  the  subtra  tive  primaries.  By  com¬ 
bining  various  densities  of  these  thref  filters,  a  large  gamut  of  visi- 

(5) 

bie  colors  can  be  produced.  Most  posit  _ve  subtractive  color  films 
currently  manufactured  use  this  method  to  render  various  colors  with  cyan, 
magenta,  and  yellow  dye  layers  ^  Because  the  dyes  used  in  subtractive 
color  films  lack  sharp-cutting  transmission  curves,  their  chr.imaticity 
gamut  is  generally  smaller  than  that  attainable  with  additive  methods. 
Howeve’'  ,  the  comparative  simplicity  of  both  camera  and  projection  equip¬ 
ment  outweighs  this  disadvantage,  provided  the  limits  of  the  required 
chromaticity  gamut  lie  within  the  capability  of  the  color  film  being 
used. 

The  suberactive  system  may  be  more  easily  understood  by  an  examina¬ 
tion  of  Fig.  2.  Shown  are  the  spectral  transmission  curves  of  typical 
magenta,  yellow,  and  cyan  dyes,  which  might  be  used  as  colorants  i.n 
either  color  film  or  filters.  Also  shown  are  the  resulting  transmission 
curves  when  these  dyes  are  combined  two  at  a  time  to  render  red,  green, 
and  blue.  The  location  of  these  colorants  is  indicated  on  the  CIE 
Chromaticity  Diagram  either  singly  or  in  pairs,  with  a  light  source  of 
approximately  equal-energy  distribution. 
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Lg.  2  —  Chromaticities  and  spectral  transmissions  of  subtractive  pri 
maries  and  their  combinations. 
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III.  COLOR  REPRODUCTION  OF  SUBTRACTIVE  FILMS 

CHROMATICITY 

If  an  observer  looks  directly  at  a  light  source,  he  will  see  a  color 
that  is  determined  by  the  spectral  energy  distribution  of  the  source, 
and  which  can  be  defined  by  CIE  chromaticity  coordinates.  Should  color 
film  in  a  camera  now  be  exposed  to  the  same  light  at  several  different 
exposures,  the  resulting  chromaticity  coordinates  of  any  of  the  processed 
film  images  when  viewed  t /  3200*K  tungsten  light  (or  any  other  "white” 
light  for  that  matter)  will  not,  except  by  a  rare  coincidence,  be  the 
same  as  those  of  direct  observation.  Generally,  chromaticity  coordinates 
of  the  film  image  are  closer  to  the  achromatic  point  than  those  of  di¬ 
rect  observation,  especially  at  low  image  densities.  (The  term  'density' 
as  used  in  the  photographic  industry  is  defined  as  the  negative  log  of 
transmission.)  It  i6  apparent  that  color  film  does  not  necessarily 
"see"  color  in  exactly  the  same  way  as  does  the  human  observer. 

FORMATION  OF  THE  FILM  IMAGE 

Shown  in  the  upper  portion  of  Fig.  3  is  a  cross  section  of  a  typi¬ 
cal  subtractive  color  film  before  processing.  Located  next  to  the  film 
support  is  the  red-sensitive  layer,  next  is  the  green-sensitive  layer, 
and  the  blue-sensitive  layer  is  on  the  outside.  Between  the  green-  and 
b lue-sensitive  layers  is  a  yellow  filter  layer  to  prevent  blue  light 
from  striking  the  red-  and  green-sensitive  layers,  as  they  are  also 
sensitive  to  blue  light.  Theoretically,  when  a  film  is  exposed  to 
light  of  some  spectral  distribution,  the  processed  film  image  will  con¬ 
tain  cyan,  magenta,  and  yellow  dyes  whose  densities  vary  inversely  to 
the  respective  amounts  of  red,  green,  and  blue  light  in  the  original 
exposure.  Imagine  that  the  film  is  now  exposed  to  green  light;  the 
processed  film  cross-section  would  look  like  that  in  the  lower  portion 
of  Fig.  3,  with  the  density  of  the  magenta  dye  reduced  more  than  the 
other  two  dyes.  The  image  on  the  film  now  appears  green,  since  the  red 
and  blue  components  of  the  viewing  illuminant  are  absorbed  by  the  yellow 
and  cyan  dyes. 
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Fig.  3  --  Exposure  of  a  typical  subtractive  color  film  to  green  light. 
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In  the  processing,  the  first  (black-and-white)  development  produces 
in  each  layer  a  negative  silver  image  whose  density  is  proportional  to 
the  amount  of  exposure  in  that  layer.  The  remaining  silver  halide  is 
then  fogged  by  a  reversal  exposure  to  render  it  developable. From 
this  remaining  silver  nalide  a  positive  dye  image  and  a  positive  silver 
image  are  produced  in  each  of  the  three  layers  by  a  coupler  color  devel¬ 
opment  process.  Both  positive  and  negative  silver  images  are  then  re¬ 
moved  by  a  bleaching  process,  leaving  only  the  three  dye  images. 

SPECTRAL  DENSITY  AND  SPECTRAL  SENSITIVITY 

Let  us  assume  that  we  have  an  ideal  hypothetical  subtractive  color 
film.  Like  real  films,  it  would  have  three  dye  layers:  magenta,  yel¬ 
low,  and  cyan.  The  shape  cf  the  spectral  density  curves  of  these  three 
dyes  might  resemble  those  shown  in  Fig.  4;  these  are  nearly  "block" 
dyes,  which  do  not  exist  in  reality.  As  in  real  films,  the  exposure 
of  our  hypothetical  film  to  light  would  reduce  the  dye  image  densities, 
but  the  spectral  sensitivities  of  the  three  layers  would  overlap  in 
such  a  way  that  their  sum  would  be  nearly  the  same  at  any  wavelength. 

Our  hypothetical  film  would  then  yield  highly  saturated  or  pure 
colors  even  at  low  dye  densities  because  of  the  sharp-cutting  dye  den¬ 
sity  curves,  and  chromaticity  changes  of  the  film  image  should  follow 
chroma*-icity  changes  of  the  exposure  light.  Real  color  films  do  not  work 
this  way;  their  dyes  do  not  have  sharp-cutting  spectral  density  curves 
and  transmit  some  light  in  unwanted  portions  of  the  spectrum.  Figure 
5  shows  the  shape  of  the  spectral  density  curves  of  the  three  dyes  in 
a  typical  real  color  film.  Also,  the  spectral  sensitivities  of  the 
three  dye  layers  in  real  films  overlap  in  such  a  manner  that  the  film 
is  quite  insensitive  to  color  changes  in  the  high  end  of  the  visible 
spectrum,  whereas  all  three  dye  layers  are  sensitive  in  a  band  about 
.07  microns  wide  near  the  middle  of  the  spectrum,  and  the  sums  of  their 
spectral  sensitivities  can  vary  a.c  mu  300  to  1  over  the  visible 

region.  Spectral  sensitivity  curves  of  ;he  three  dye  layers  of  a  typi¬ 
cal  real  color  film  are  shown  in  Fig.  6,  and  spectral  sensitivity  curves 
of  our  hypothetical  color  film  might  resemble  those  of  Fig.  7.  Spectral 
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4  --  Spectral  dye  densities  of  a  hypothetical  su  tractive  color 
film. 
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Fig.  5 
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Spectral  dye  densities  of  a  typical  real  subtractive  color 
film. 
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sensitivity  is  the  amount  of  Incident  energy  of  monochromatic  radiation 

2 

unit  area  of  film  (ergs /cm  )  at  wavelength  X^  required  to  reduce  the 
dye  Image  density  in  the  individual  layer  to  some  value  at  wavelength 
X, ^  or  to  some  value  of  equivalent  neutral  density;  is  often  taken 
as  the  wavelength  of  peak  density.  Equivalent  neutral  density  is  th 
density  of  the  visual  neutral  that  is  formed  by  the  dye  sample  when 
sufficient  amounts  of  the  other  two  dyes  are  added  to  it.  v  Spectral 
sensitivity  curves  supplied  by  film  manufacturers  are  valid  for  only 
one  value  of  peak  density  or  one  value  of  equivalent  neutral  density, 
because  spectral  sensitivity  itself  is  a  function  of  the  amount  of 
incident  energy.  Such  sensitivity  data  have  little  meaning  except  per¬ 
haps  in  quality  control  for  film  manufacture,  since  each  set  of  curves 
is  valid  for  only  one  specific  density. 

D  LOG  E  CURVES 

In  the  photographic  industry,  film  density  D  is  generally  expressed 
as  a  function  of  the  log  exposure  E.  Somewhat  more  useful  than  the 
monochromatic  spectral  sensitivity  curves  are  D  log  E  curves  for  each 
of  the  three  dye  images.  These  curves  express  the  density  at  either 
some  specific  wavelength  or  the  equivalent  neutral  density  of  each  of 
the  three  dye  images  as  a  function  of  the  log  of  exposure  to  a  light 
source  of  known  spectral  distribution.  The  D  log  E  curves  shown  in 
Fig.  8  are  for  a  typical  real  color  film  exposed  to  some  standard  white 
light  source,  such  as  6100°K.  Again,  however,  these  data  supplied  by 
film  manufacturers  are  of  little  use  in  calculating  the  resulting  dye 
image  densities  when  the  film  is  exposed  to  light  of  some  other  spectral 
distribution. 

From  the  foregoing  it  is  evident  that  it  would  be  absurd  to  attempt 
to  compute,  from  data  supplied  by  film  manufacturers,  the  required 
spectral  distribution  and  exposure  of  the  film  for  any  desired  film 
image  chromaticity .  The  obvious  alternative  is  a  film  calibration  that 
relates  many  different  spectral  distribution  and  exposure  combinations 
to  the  resulting  chromaticity  of  the  processed  film  image;  Section  V 
deals  with  this  calibration. 


0 


1.0 


8.0 


3.0 


D  log  E  curves  for  typical  subtractive  color  film 
exposed  to  a  6100°K  artificial  daylight  source. 
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IV.  DESIGN  AND  THEORY  OF  OPERATION 


A  schematic  of  the  display  simulator  is  shown  in  fig.  9.  The 
equipment  consists  of  three  main  pieces  or  groups  of  hardware:  anima¬ 
tion  stand,  light  source  power  supply,  and  projection  system. 

ANIMATION  STAND 

The  animation  stand  is  the  most  significant  component  of  the  simu¬ 
lator,  and  is  showt.  in  the  photograph  of  Fig.  10.  This  piece  of  equip¬ 
ment  is  used  to  expose  the  display  images  on  16-mm  color  motion-picture 
fnm.  The  camera,  a  16-mm  Bolex  H16  with  a  25-mm  f/l.4  lens,  is  at¬ 
tached,  with  its  optical  axis  vertical,  to  a  carriage  assembly  whose 
height  is  adjustable  by  means  of  a  lead  screw.  The  carriage  assembly 
is  fitted  with  V-groove  rollers  that  ride  on  a  vertical  rail  assembly; 
intimate  contact  between  rollers  and  rails  is  maintained  by  the  weight 
of  the  carriage  assembly  and  camera.  An  underside  photograph  of  the 
carriage  assembly  and  camera  is  shown  in  Fig.  11.  The  vertical  rail 
assembly  is  bolted  to  a  horizontal  base  plate,  which  also  supports  the 
stage  assembly  beneath  the  camera.  The  stage  assembly  can  be  moved 
on  two  horizontal  axes  (X  and  Y)  beneath  the  camera;  its  purpose  is  to 
control  the  location  of  the  image  being  photographed  on  the  16-mm  film 
format,  and  hence  image  location  on  the  final  display  format.  The  stage 
assembly  is  moved  with  two  lead  screws  coupled  directly  to  revolution 
counters  that  indicate  X  and  Y  coordinates  of  the  film  image  within  the 
format.  (Note:  X  and  Y  image  location  is  not  to  be  confused  with  x 
and  y  CIE  chromaticity  coordinates.)  In  addition  to  the  X-Y  positioning 
hardware,  the  stage  assembly  consists  ot:  a  light  source  and  its  enclo¬ 
sure,  four  wedge  filters  and  their  housing  above  the  ight  source,  an 
opal  diffusing  glass  with  aperture  plate  on  the  top  s-de  ot  the  wedge 
filter  housing,  and  a  cover  disc  to  prevent  stray  light  from  entering 
the  camera.  These  components  of  the  stage  assembly  are  shown  in  the 
photograph  of  Fig,  12,  with  the.  cover  disc  removed. 

The  light  source  is  a  900-volt  xenon  flashtube  designed  primarily 
for  color  photography  with  daylight  color  films  ;  its  maximum  rated 


Display  Simulator  Schematic. 


Diffusing  glass 
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input  power  is  200  watt-seconds  per  flash  (GE  FI- ^17).  To  extend  its 

life,  the  flashtube  is  op  'ated  at  only  about  100  watt-seconds  per 

flash.  Light  output  and  spectral  distribution  of  a  flashtube  change 

(8) 

little  during  its  lifetime. v  '  The  flashtube  and  its  trigger  circuitry 
are  enclosed  in  a  light-tight  housing,  which  is  attached  to  the  stage 
assembly  with  wing-nuts  for  quick  removal.  The  photograph  of  Fig.  13 
shows  the  flashtube  and  housing  removed  from  the  stage  assembly. 

The  four  wedge  filters  are  located  one  above  another  in  the  filter 
housing.  Each  of  these  filters  is  of  nearly  constant  hue,  but  h^j  a 
density  increase  with  length.  The  hues  of  the  three  colored  filters 
are  magenta,  yellow,  and  cyan;  the  fourth  is  neutral.  As  there  are 
three  continuous  wedge  filters  for  each  of  the  three  subtractive  hues, 
and  one  neutral  filter,  the  entire  set  comprises  ten  filters.  Three 
short  wedges  were  used  in  preference  to  one  l^ng  wedge  for  mechanical 
convenience  ;  the  dye  densities  of  the  middle  wedge  in  each  hue  set 
slightly  overlap  the  other  two  filters  of  the  same  hue,  so  there  are 
no  "gaps."  Each  wedge  filter  is  provided  with  a  lengthwise  scale  run¬ 
ning  from  zero  to  approximately  29.4  cm,  with  the  zero  point  of  the 
scaie  at  the  light  end  of  the  wedge.  Wedges  in  each  hue  set  are  desig¬ 
nated  1,  2,  and  3,  beginning  with  the  lightest  wedge.  For  example, 

14.7  Y2  refers  to  point  on  the  second  yellow  wedge  that  has  a  scale 
reading  of  14.7  cm.  Typical  spectral  transmission  curves  of  the  wedge 
filters  are  shown  in  Fig.  14;  more  complete  spectral  transmission  data 
are  included  in  the  Appendix.  The  photograph  of  Fig.  15  shows  the  set 
of  wedge  filters.  By  means  of  grooves  within  the  filter  housing,  these 
wedge  filters  may  be  moved  separately  in  a  direction  normal  to  the  op¬ 
tical  axis  of  the  camera.  Since  light  from  the  source  passes  through 
all  four  filters,  both  the  color  (spectral  distribution)  and  intensity 
seen  by  the  camera  may  be  varied  by  small  increments  by  using  different 
combinations  of  filter  positions,  and  hence  different  portions  of  each 
filter.  The  purpose  of  the  neutral  wedge  is  to  control  light  intensi¬ 
ties  more  accurately  than  is  possible  between  the  detented  camera 
f/stops.  Baffle  plates  with  on-axis  apertures  are  used  between  filters 
to  reduce  scattered  light  and  restrict  the  light  path  to  a  small  portion 
of  each  filter.  The  flashed  opal  diffusing  glass  between  the  wedge  filters 
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Fig.  13  --  Flashtube  Housing 
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Fig.  14  --  Typical  spectral  transmission  curves  of  wedge  filters 
three  positions  along  the  wedge. 
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and  camera  provides  a  focusing  plane  ;  the  aperture  plate  covering  the 
diffusing  glass  defines  the  shape  and  size  of  the  image  being  photographed. 
The  wedge  filters  were  fabricated  by  Harrison  and  Harrison,  Incorporated, 
Hollywood,  California. 

Each  image  is  photographed,  frame  by  frame,  through  the  entire  ani¬ 
mation;  If  a  particular  animation  has  five  images,  the  entire  length  of 
film  is  run  through  the  camera  five  times.  As  the  exposure  of  the  film 
progresses  for  each  image,  the  positions  of  the  wedge  filters  and  the 
locations  of  the  stage  assembly  are  changed  to  produce  the  desired  color 
and  position  of  the  image.  The  camera  has  a  bidirectional  frame  counter 
so  that  all  images  in  the  animation  will  have  the  same  starting  frame 
when  the  film  is  rewound.  The  flashtube  is  triggered  with  a  cam-operated 
synchronization  switch  that  was  auded  to  the  camera;  this  switch  closes 
oen  the  shutter  disc  is  open.  The  camera  is  driven  by  a  shutter  actua¬ 
tion  motor  at  a  maximum  rate  of  four  frames  per  minute.  An  additional 
electric  counter  is  driven  from  the  synchronization  cam  as  a  double 
check  on  frame  number.  Real  time  of  the  final  display  presentation  is 
established  by  assuming  a  pro jecticn-system  framing  rate  of  24  frames 
per  second. 

LIGHT  SOURCE  POWER  SUPPLY 

Electrical  energy  for  the  xenon  flashtube  is  supplied  by  a  regulated 

DC  power  supply  and  capacitor  bank.  Voltage  is  regulated  to  900  ±  5 

volts  DC,  since  the  light  output  of  a  flashtube  can  vary  as  much  as  the 

(8) 

cube  of  the  voltage,  depending  upon  flashtube  efficiency.  '  Oil-filled 
paper  capacitors  were  chosen  in  preference  to  electrolytic  capacitors 
because  of  their  stability  and  long  life.  A  switching  arrangement  en¬ 
ables  capacitance  to  be  increased  in  steps  of  20  mfd  to  a  maximum  of 
500  mfd.  With  the  capacitor  Dank  sat  at  240  mfd,  input  power  to  the 
flashtube  is  97.2  watt-secouds  a:.’,  the  power  supply  recycling  time  is 
about  7  seconds.  The  electrical  schematic  of  the  light  source  and 
power  supply  is  included  in  the  Appendix. 
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PROJECTION  SYSTEM 

After  processing,  the  film  is  viewed  with  the  projection  system 
shown  in  Fig,  16  Rear  projection  was  used  so  that  images  could  be 
viewed  directly  without  the  use  of  mirrors  or  prisms,  and  actual  dis¬ 
play  hardware  could  be  simulated.  The  display  format  size  selected 
was  12  in.  by  15  in.,  a  comfortable  and  realistic  size  for  an  observer 
seated  approximately  40  in.  from  the  display.  A  rear-pro ject ion  material 
was  chosen  which  would  give  maximum  light  transmission  with  minimum  hot¬ 
spots;  this  material  is  spectrally  nonselective  throughout  the  wave¬ 
length  range  of  .38  to  .76  microns,  and  has  a  light  transmit _ion  of 
approximately  50  percent.  It  is  type  S-50-R,  manufactured  by  the 
Stewart  Filmscreen  Corporation  of  Torrance,  California.  The  projector 
is  a  16-mra  750-watt  sileuf  type,  modified  with  a  synchronous  motor  to 
run  at  24  frames  per  second;  other  features  include  several  framing 
rates  below  24  fps,  down  to  1  fps,  additional  lamp  cooling  so  that  u 
single  frame  may  be  viewed  without  burning  the  film,  and  a  bidirectional 
frame  counter.  The  original  projector  was  a  Kodak  Analyst  Model  BP-16AR, 
modified  to  a  Model  224-AS  Photo-Optical  Data  Analyser  by  L-W  Photo, 
Incorporated,  Van  Nuys,  California. 

For  film  viewing  by  more  than  one  observer,  front  projection  on  a 
flat  white  screen  can  be  used,  provided  the  viewing  angle  is  small,  say 
less  than  15°.  This  would  require  a  somewhat  larger  format,  with  cor¬ 
responding  loss  in  illuminance.  However,  a  front -project ion  surface 
is  generally  more  efficient,  reflecting  about  85  percent  of  the  light, 
whereas  the  rear-projection  surface  transmits  only  50  percent. 


-27- 


V.  FILM  CALIBRATION 

We  have  seen  in  Section  III  tuat  a  film  calibration  was  necessary 
to  relate  spectral  distribution  and  intensity  of  the  exposing  light  to 
chromaticity  of  the  final  film  image.  Assuming  that  the  flashtube  volt¬ 
age  is  not  changed,  this  means  that  calibration  must  relate  many  different 
wedge  filter  and  exposure  combinations  to  film  image  chromaticity. 

This  tvpe  of  film  calibration  is  not  new;  a  reverse  calibration  of 

(9) 

subtractive  color  film  has  been  used  by  Ovevington  to  determine  the 
surface  temperature  of  a  self- luminous  body  by  color  densitometry,  where 
the  use  of  thermocouples  and  similar  instrumentation  would  have  been 
impossible  because  of  rapidly  changing  surface  temperatures. 

A  schematic  diagram  of  the  lormation  of  the  film  image  and  its 
resulting  chromaticity  when  exposed  in  the  animation  stand  is  shown 
in  Fig.  17.  Indicated  on  the  chromaticity  diagram  ar  the  locations 
of  both  the  exposing  light  and  the  final  film  image.  In  this  case  we 
have  used  the  yellow  and  cyan  wedges  to  produce  a  green  light,  whose 
spectral  distribution  is  indicated.  Note  that  the  chromaticity  of  the 
final  film  imag°  is  desaturated  and  nearer  the  achromatic  point  than 
that  of  the  exposing  light.  ^ 

Exposure  of  a  specific  type  of  color  film  to  light  of  a  certain 
spectral  distribution  and  intensity  does  not  completely  define  chromati¬ 
city  of  the  final  film  image.  There  are  many  other  conditions  that 
affect  image  chromaticity,  such  as  differences  in  film  from  one  manu¬ 
facturing  lot  to  the  next,  storage  of  film  at  high  temperature  or  humidity 
before  and  after  exposure,  and  slight  changes  in  processing  from  one 
batch  to  the  next  .  To  minimize  the  effect  of  these  conditions,  fresh 
film  bearing  the  same  emulsion  number  was  obtained  from  a  reputable 
manufacturer  and  processor.  One  roll  was  used  for  calibration  and  the 
remainder  stored  at  low  temperature  and  humidity.  The  film  selected 
for  use  in  the  animation  stand  was  Kodachrome  II  Daylight,  manufactured 
and  processed  by  Eastman  Kodak  Co.,  with  an  emulsion  speed  of  ASA  25  to 
a  6100°K  light  source. 


in 
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Fig.  17  —  Film  image  formation  and  resulting  chromaticity  for  green 
light  exposure.  Othe,.  ohrcmaticities  are  also  indicatec. 


-29- 


To  calibrate  the  film,  a  l/2-in.  diameter  aperture  plate  was  first 
placed  over  the  opal  diffusing  glass  on  the  wedge  filter  housing  A 
25-irm  extension  tube  was  then  added  to  the  camera  so  that  the  image  of 
the  aperture  plate  completely  filled  the  16 -mm  motion  picture  format. 
Consecutively  decreasing  exposures  were  then  made  on  each  of  many  dif¬ 
ferent  wedge  filter  combinations,  and  the  film  was  processed.  Each 
film  image  was  then  placed  in  a  spectrophotometer  and  a  spe.tral  trans¬ 
mission  curve  was  run  from  .38  to  .76  microns.  Spectral  transmission 
data  were  then  reduced  to  CIE  chrom.  ticity  data  x,  y  .  and  L,  using 
3200°K  tungsten  as  the  achromatic  point.  For  each  group  of  exposures 
from  the  different  wedge  filter  settings,  x  and  y  chromaticity  were 
individually  plotted  against  luminosity  L.  From  these  curves  it  is 
possible  to  interpolate  the  required  wedge  filter  settings  in  order  to 
produce  a  film  image  of  some  specific  desired  chromaticity  and  luminosity . 
A  more  detailed  discussion  of  the  film  calibration  procedure  follows. 

WEDGE  rTLTER  SCALES 

As  explained  in  Section  IV,  each  of  the  three  filter  hues  consists 
of  three  separate  filters  whose  densities  overlap.  These  overlap  points 
were  first  estimated  from  the  wedge  filter  spectral  transmission  curves 
to  provide  r.  starting  point  for  film  calibration,  and  were  later  deter¬ 
mined  more  accurately  by  actual  tests  on  color  films.  The  overlap  points 
are  as  follows  : 

27.5  Ml  =  2.1  M2  27.5  M2  =  1.6  M3 

27.5Y1  =  4.0Y2  27.5  Y2  =  3. 5  Y3 

27.5  Cl  =  A. 3  C2  27.5  C2  =  9.4  C3 

Neutral  Wedge  :  50  percent  reduction  in  transmission  (equal  to  1  camera 

f/stop)  between  2.0  Nu  and  22.0  Nu 

If  the  three  filter  scales  for  each  hue  are  now  combined  into  one 
continuous  scale  per  hue  ''designated  M,  Y,  and  C),  they  become: 

Magenta  (M)  2.0  through  78.8 

Yellow  (Y)  2.0  through  75.0 

Cyan  (C)  2.0  through  68.8 


Note  that  the  scale  length  is  different  for  the  three  hues  because  cf 
differences  in  overlap. 
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Conversion  from  continous  scale  values  (M,  Y,  C)  to  individual 
scales  (Ml,  Y2,  C3,  etc.)  then  becomes: 

Ml  =  M,  if  M  is  between  2.0  and  27.5 

M2  =  M  -  25.4,  if  M  is  between  27.5  and  52.9 

M3  =  M  -  51.3,  if  M  is  between  52.9  and  78.8 

M  -  Ml 

M  =  M2  +  25.4 
M  =  M3  +  51.3 

Y1  =  Y,  if  Y  is  between  2.0  and  27.5 

Y2  =  Y  -  23.5,  if  Y  is  between  27.5  and  51.0 

Y3  =  Y  -  47.5,  if  Y  is  between  51.0  and  75.0 

Y  =  Yl 

Y  =  Y2  +  23.5 

Y  =  Y3  +  47.5 

Cl  =  C,  if  C  is  between  2.0  and  27.5 

C2  =  C  -  23.2,  if  C  is  between  27.5  and  50.7 

C3  =  C  -  41.3,  if  C  is  between  50.7  and  68.8 

C  =  Cl 

C  =  C2  +  23.2 
C  =  C3  +  41.3 


WEDGE  FILTER  COMBINATIONS 

For  film  calibration,  five  points  chosen  on  each  of  the  three 

filter  hues,  ranging  from  2.0  to  maximum.  (On  any  individual  wedge 
filter,  2.0  and  27.5  are  about  the  scale  limits  for  adequate  coverage 
of  the  1/2-in.  aperture  plate.)  The  neutral  filter  was  set  at  2.0  for 
> he  entire  calibration.  One  series  of  exposures  was  made  of  each  pos¬ 
sible  combination  of  the  five  points  of  each  hue.  However,  when  two 
hues  were  greater  '.han  2.0  on  the  continous  scale,  the  third  hue  was 
set  at  2.0;  this  was  done  because  the  color  gamut  of  the  film  is  not 
increased  by  use  of  all  three  colored  wedges  for  any  particular  exposure. 
For  instance,  if  we  were  using  the  yellow  and  cyan  wedges  together  to 
produce  a  green  film  image,  the  addition  of  the  magenta  wedge  would  only 
desaturate  the  film  image  and  make  it  darker.  The  resulting  sixty-one 
possible  wedge  combinations  are  shown  in  Fig.  18;  each  combination  was 
assigned  an  exposure  series  number,  and  continous  scale  points  of  each 
wedge  are  noted. 
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Grceri 


I 

Increasing  Maderua 


Magenta  Scale  SeHinds  %  2.0 ,  2 1.2,  40,5,  53.6,  7 3.6 

Yellow  scale  sefWs;  2.0,  20.1,  39.0,  59.6,  75,0 

Ctjan  scale  seibntfs;  ?,0,  IS.7,  35,6,  52.1,  65.<P 

kleulcal  scale  setting;  £0  foe  all  exposures 

for  example,  ©  “  <?.o  M  +  2.0Y  +  2.0C  +  ?.o  Nu 
and  ®  -  40,5  M  +2.0  Y  +-  ?,0C  +  £0  Nu 
and  ©  *  -,OM  +  .39.0Y  +  52.IC+-  2.0  Nu 


Fig.  18  --  Wedge  filter  combinations  used  for  film  calibration  with 
corresponding  exposure  series  numbers. 
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EXPOSURE 

Each  exposure  series  of  different  wedge  filter  settings  consisted 
of  nine  exposures,  ranging  from  f/2.8  to  f/32.  Two  exposures  were  taken 
at  full  camera  aperture,  one  with  the  power  supply  capacitance  doubled. 
The  use  of  the  25-mra  extension  tube  on  the  camera  meant  a  loss  of  two 
f/stops;  however,  a  full-format  image  was  necessary  to  accommodate  the 
spectrophotometer.  The  viewing  beam-splitter  in  the  camera  also  con¬ 
tributes  a  light  loss  of  approximately  one-quarter  f/stop.  All  expo¬ 
sures  were  given  a  calibration  number.  Complete  calibration  exposure 
data  are  given  in  the  lilm  Calibration  Table  in  the  appendix. 

SPECTROPHOTOMETRY 

After  the  film  was  processed,  spectral  transmission  curves  were 
run  on  the  film  images  from  .38  to  .76  microns.  Transmission  curves 
of  each  exposure  series  were  run  on  the  same  strip  chart  in  order  of 
descending  exposures  until  the  entire  transmission  curve  was  under  5 
percent.  Most  film  images  whose  transmission  curve  lies  beneath  the 
5  percent  line  have  luminosities  of  less  than  1  percent  and  are  practi¬ 
cally  opaque  to  the  human  observer.  This  work  wes  done  on  a  Carey 
spectrophotometer  by  Spectrolab,  Inc.,  Sylmar,  California.  Shown  in 
Fig.  19  are  typical  strip-chart  transmission  curves  for  one  exposure 
series. 

REDUCTION  OF  SPECTROPHOTOMETRIC  DATA  TO  CIE  CHROMATICITY  DATA 

To  facilitate  the  reduction  of  spectrophotometric  data  to  chromati- 

city  data  by  the  usual  integration  method  using  tristimulus  values  of 

(2) 

the  spectrum,  a  computer  program  was  written.  Symbols  used  in  the 
text  and  their  FORTRAN  equivalents  are  given  in  Table  1. 

The  following  equations  were  programmed: 


"Fransmjss/on, 
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Table  1 

FORTRAN  NOMENCLATURE 


FORTRAN 

Text 

WL 

\ 

S 

X 

E 

s 

LI 

Y 

L 

Z 

t 

z  J 

OP 

T 

P 

SCR 

T 

s 

TCI 

T 

c 

UP 

, 

SXF 

X 

a 

SYP 

y 

1  a 

SZP 

z 

a 

SXI 

SYI 

or* 

SZI 

zb 

XBARP 

n 

YBARP 

y  J 

XBARI 

X  ] 

YBARI 

y  / 

ELUM 

L 

Explanation 
Wavelength,  microns 
Energy  distribution  of  light  source 


Tristimulus  values  of  the  spectrum 


Spectral  transmission  of  projector  optics 

"  "  "  screen 

11  "  "  film  image 

E  T^T  T  (for  each  wavelength) 
s  p  s  c 


E  T  T  t  (summed  over  \  =  . 38  to  \  = 
s  n  s  x 

E  T*T  t  " 

s  p  s  y 

E  T  T  t  " 

s  p  s  z 

ETTTt  " 

s  p  S  C  X 

ETTTt  " 

s  p  s  c  y 

ETTTt  » 

S  p  S  c  z 

Chromaticicv  coordinates  of 


.76) 


achromatic  point 

Chromaticity  coordinates  of  film 
calibration  image 

Luminosity  of  film  calibration  image 
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.76 

(E  T  T  l  )  d\ 

J.38  SPSX 

.76 

(E  T  T  t  )  dX 
“  s  p  S  V 

.38 


.76 

(E  T  T  t.  )  dX 
<•>  -  -  s  p  s  z 
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where  Eg  is  the  spectral  energy  distribution  of  the  light  source,  T 
is  the  spectral  transmission  of  the  projector  optics,  and  is  the 
spectral  transmission  of  the  rear-projection  screen.  Both  and 
were  found  to  be  so  near  to  neutral  that  a  value  of  1.00  was  used  in 
the  program.  The  tristimulus  values  of  the  spectrum  are  t  ,  t  ,  and 

t  . 

z 

From  the  foregoing  equations,  the  achromatic  point  on  the  chromati- 
city  diagram  was  calculated: 


x  = 


X  _  y 

E^xa  +  ya  +  y  =  £'xa  +  ^  +  xa> 


The  x,  y,  and  z  .6  were  then  expanded  to  include  the  film 

image  transmission  curves  T  ^  : 


.76 


x,  =  P  (ETTTt)dX 

D  *„„SpSCX 


.38 

.76 


y.  =  r  (E  T  T  T  t  )  dX 
b  J__spscy 


.38 

.76 


=  T  (E  T  T  T  t  )  dX 
J  -  -  s  p  s  c  z 
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Combining  the  above  equations, 


x  = 


*b 


E(xb +  yb +  s> 


y  = 


E(xb  +  yb  +  zb> 


L  =  — 

y„ 


where  x  and  y  ar°  calibration  chromaticity  and  L  is  luminosity. 
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The  film  image  spectral  transmission  curves  were  read  from  .38  to 
.76  microns,  at  intervals  of  .02  microns;  these  data  were  fed  into  the 
accompanying  FORTRAN  IV  program  CTable  2)  and  run  on  the  IBM  7044  computer. 
A  sample  cf  the  output  is  shown  in  Table  3.  The  data  deck  arrangement 
is  as  follows : 

Card  1  identification  (60  columns  available) 

Card  2  NL 

Card  3  through  6  light  source  data 
Card  7  through  10  tristimulus  values  of  x 
Card  11  through  14  tristimulus  values  of  y 

Card  15  through  18  tristimulus  values  of  z 

Card  19  film  image  spectral  transmission  data 
Card  20  identification  for  preceding  card 
Card  21  same  as  card  19  with  new  data 

Card  22  same  as  card  20  with  new  identification 

Any  desired  combinations  of  cards  19  and  20  may  be  used.  The 
program  prints  a  page  of  the  input  data  and  a  page  for  each  film  image 
spectral  transmission  curve,  containing  the  spectral  distribution,  the 
x-y  coordinates  of  the  achromatic  point,  the  x-y  coordinates  or  the 
chromaticity  and  the  luminosity. 

INTERPRET AT ION  OF  CHROMA! ICITY  DATA 

Chromaticity  data  of  the  calibration  transmission  curves  from  the 
computer  program  were  entered  in  the  Film  Calibration  Table  in  the 
Appendix.  Not  all  the  chromaticity  data  were  entered,  as  film  images 
from  each  exposure  series  were  fed  to  the  ccmputer  in  order  of  descend¬ 
ing  exposure,  and  the  computations  were  in  n any  cases  terminated  when 
luminosities  fell  below  .01. 

In  order  to  present  chromaticity  data  in  a  useful  form,  x  and  y 
coordinates  for  each  exposure  series  were  plotted  against  luminosity 
L,  making  it  possible  to  obtain  x  and  y  values  of  any  exposure  series 
at  any  value  of  luminosity,  provided  of  course  that  lvminosity  went 
that  high  for  the  exposure  series  in  question.  A  typical  x-y-L  plot 
for  one  exposure  series  is  shown  in  Fig.  20.  As  many  as  61  series  of 
exposures  on  different  wedge  filter  combinations  (a  total  of  549 
exposures)  were  used  in  order  to  permit  linear  interpolation  of  wedge 
filter  values  between  calibration  points  on  the  chromaticity  diagram 
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Table  2 

PROGRAM  AND  INPUT  DATA 
FORTRAN  Source  List 


(SN  SOURCE  STATEPfNT 


0  ilBFTC  ROY 

1  01  PENS  ION  RUN!  10),  SI  50),  XI  50).  Y‘.  50),  Z  I  50),  TCI  I  501.  XP(  50),  YP  I  50).  ZP 
AI50t,COISOt.FCt50I.FlLI50l,KHS0(,TCI50),0PI50;.SCRI50l,UPIS0l 

2  1  F0RPATII2A6I 

3  2  FORPATI  1H1,  1!«6) 

A  3  FORPATI 1H0) 

«  A  F0RPATI6E 12.61 

6  5  FORPAT I IN0.5X , 10HPAVEL ENCTh, 9X,GFS0URCE , SX,  1  6HPR0JECT0R  OPTICS. 6X. 

A6HSCREFN,  1SX,  1HX,  17X,  1HY-,  l  7X,  iMZ  ) 

7  6  FORPAT ( 7E 18. 6( 

10  7  fORPAT  (20F3.3) 

11  8  FORPATI 16) 

12  13  F0RPAT(lHl,20X,25Hlh.'GE  TP.AN SN  1 S S ION  CURVES! 

13  (A  FORPAT (AX. 3E 15. A ) 

1A  16  FORPAT  ( 1H0, 1X.37HACHROPATIC  POINT  OF  PROJECTION  SYSTEH. 1AX . 1AH1PA 
AGE  LOCATION, 28X, 10HLUP 1  NOS  1 T Y ) 

15  17  FORPATI 1H0.2X.6HXBARP-E 1 l.A, 2X , 6HYb ARP »E 1 1 . A , 3 X , 6 IXB AR 1 -E 1 1 . A . 2X , 6 

ANYBAR1-EU.A,  3X, 6PSUP YP-E 1 1 . A , 1 X , 6HSUPY 1 -E l l . A , 1 X ,2HL 'E 1 1 . A  I 

16  20  F0RPATI9X, 10HWAVELENGTH,AX,5H1PAGE , 10X, I IHSPEC.  CIST.) 

) 7  21  FORPATI 1H0, 1 1A6) 

20  READ  1,1  RUN  IK), KM. 10) 

25  PR  I NT  2 , I RUN IX  I  ,K  «  1 ,  10  ) 

32  REAO  8.NL 

3A  REAO  A,(S(N).N-1,NL) 

A  1  REAO  A, I  X  I N ) , N- 1 , NL ) 

A6  REAO  A.IYINI.N-l.NLI 

53  REAO  A, I Z I N ) , N- l , NL ) 

60  00  700  M-l.NL 

61  OPIN  )  ■  1.0 

62  SCRINI-I.O 

63  700  CONTINUE 

65  PL  I  1  1*380. 

66  00  50  N-2.NL 

67  WL (N)-NL IN-1  1*20. 

70  60  CONTINUE 

72  PRINT  5 

73  PRINT  3 

7A  PRINT  6f(MLIN)fSIN),0PIN),SGRIN)tXINi,YIN>,ZIN),N-l,NL) 

101  IOC  REAO  T.ITCKNI.N-l.NL) 

106  PRINT  13 

107  REAO  1,  IF  Ul  1),  I-l,  10  I 

l  1A  PRINT  21, If ILI 1) , I-l, 10) 

121  00  51  N-i.NL 

122  61  UP<N)-SIN)*0PIN)«SCR|N)»TC11N) 

12A  PRINT  3 

125  PRINT  20 

126  PRINT  3 

127  PRINT  lA.IMLINl.TClINI.UPIHI.N' l.NLI 

1 3A  SXP-0 

135  SYP-O. 

136  SZP*0. 

137  SXl-O. 

1 50  SYl-O. 

I A  l  SZl-O. 

IA2  00  15  N-  l  . NL 

l A  3  XP(N)-SIN)*X(N) 

IAA  SXP-SXP«XPIN) 

IA5  YP IN) -SI N) *Y IN) 

1A6  SYP-SYPaYP IN ) 

167  ZP  IN  )>  $  IN  )  *Z  IN  ) 

150  SZP-SZPAZP  IN  ) 

151  SXI-SXIaTCI (N)*XP(N) 

>52  SY1-Sfl+TC1(N)*YP(N) 

153  SZ1-SZUTC1  IN)*ZP(N) 

1 5A  15  CONTINUE 

156  OP-SXPASYP«SZP 

157  XBARP-SXP/OP 

160  YBAR'-SYP/OP 

161  Ol-S>.l«SYl«SZl 

162  XBARl-SXl/OI 

163  YBAR1-SY1/0I 

16A  ELUP‘SYl 'SYP 

165  PRINT  16 

166  PRINT  I7,X8ARP,Y8ARP,XBAR1,YBARI,SY1,SYP,ELUN 

167  GO  TO  100 

l TO  CALL  EXIT 

171  ENO 


38 
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Table  3 

IMAGE  TRANSMISSION  CURVES  AND  OUTPUT  DATA  (SAMPLE) 


CALIBRATION  5 


WAVELENGTH 

IMAGE 

SPEC.  CIST. 

0.3800F 

03 

0.4640E 

00 

0.  I067E 

00 

0. 4000  E 

03 

0.4720E 

00 

0. 1558E 

CO 

0 . 4200  E 

03 

0. 5C90E 

00 

0  *  2  2 1  4  E 

CC 

0. 4400  E 

03 

0.5730E 

00 

0.3094E 

00 

0.4600E 

03 

0.6I90E 

00 

0.4178E 

00 

0.4800E 

03 

0.6420E 

00 

0.5264E 

CC 

0.5000E 

03 

0.6400E 

00 

0.6144E 

00 

0.5200E 

03 

0.6300E 

00 

0.6930E 

00 

0.5400b 

03 

0.6150E 

00 

C.7626E 

00 

0.5600E 

03 

0.6230E 

00 

0.8597E 

CO 

0.58C0E 

03 

0.6570E 

00 

0.IC05E 

01 

0 • 6000  E 

03 

0.6800E 

00 

0.1115E 

01 

0 . 6200  E 

03 

0.6790E 

00 

0.1I88E 

01 

0.6400E 

0  3 

0.6890E 

00 

0. 12S8E 

01 

0.6600E 

03 

0.7830E 

00 

0.I527E 

01 

0.6800E 

0  3 

0.8100E 

00 

0. 1652E 

01 

0.7000E 

03 

0.8I80E 

00 

0. 1726E 

Cl 

0.72G0E 

03 

0.8280E 

00 

0. 18G5E 

01 

0.7400E 

03 

0.8380E 

00 

0.I877E 

Cl 

0 • 7600  E 

03 

0.8481  2 

00 

0.  \933E 

01 

ACHROMATIC  POINT  OF  PROJECTION  SYSTEM 
XBARP=  0.4169E  00  Y6ARP=  0.3975b  CO 


IMAGt  LOCATION 

XP AR  I  =  0.4293E  00  YBAR  1=  0.3982E  00 
LUMINOSITY 


SUMYP=  0.4763E  01  SUMYI=  0.7336E  01  L=  0.6493b  00 


Typical  plot  of  x  and  y  chromaticity  values  against  luminosity 
for  one  exposure  series  (Series  #2). 
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ac  any  level  of  luminosity  with  fair  accuracy. 

The  chromaticity  diagram  of  Fig.  21  shows  the  approximate  maximum 
color  gamut  of  the  film  in  the  simulator;  'contour'  lines  of  constant 
luminosity  are  indicated,  showing  that  color  gamut  decreases  as  lumi¬ 
nosity  increases.  The  maximum  luminosity  obtainable  with  Kodachrome 
II  film  is  about  .70;  that  is,  of  course,  the  result  of  combined  trans¬ 
mission  of  the  maximum  reduction  of  the  three  dye  image  densicies  plus 
the  density  of  the  film  support. 

Had  the  film  calibration  been  made  using  a  higher  light-output 
flashtube,  or  perhaps  multiple  flashes  per  image,  the  resulting  chromatic¬ 
ity  gamut  of  the  film  could  have  been  increased  somewhat,  particularly 
when  calibrating  the  dense  ends  of  the  subtractive  wedge  fil  :rs;  this 
is  because  the  combined  tran  nission  of  two  wedges  at  or  near  their 
dense  ends  is  comparatively  sharp-cutting  and  therefore  results  in 
saturated  film  cole*",  but  the  luminosity  of  the  film  image  is  of 
course  limited  by  the  intensity  of  the  exposing  light, 

ADDITIONAL  TESTS 

To  check  repeatability,  several  neutral  grey  images  of  approximately 
.10  luminosity  were  exposed  consecutively  on  the  calibration  film;  the 
highest  luminosity  was  .1007,  and  the  lowest  .0946,  giving  a  total  varia¬ 
tion  of  6.24  percent.  The  high  and  low  chromaticities  of  these  images 
were  x  =  .3961  down  to  .3955,  y  =  .3853  down  to  .3832.  This  indicates 
excellent  repeatability  in  chromaticity  and  moderate ly  good  repeatability 
in  luminosity. 

As  a  check  on  possible  variations  in  spectral  distribution  and 
light  output  oetween  one  flashtube  and  the  next,  consecutive  neutral 
grey  images  were  exposed  on  the  film  with  six  different  off-the-shelf 
flashtubes  of  the  same  make  and  type;  the  highest  luminosity  was  .2664, 
and  the  lowest  was  .2364,  giving  a  total  variation  of  12.61  percent. 

High  and  low  chromaticities  of  these  images  were  x  =  .4100  down  to 
.4077,  and  y  =  .3931  down  to  .3898.  Again,  repeatability  in  chromatic¬ 
ity  is  excellent,  indicating  that  spectral  energy  distribution  changes 
little  from  one  flashtube  to  another;  however,  the  variation  in  light 


* 
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output  was  somewhat  greater.  The  total  combined  effect  of  film  repeata¬ 
bility  and  flashtube  differences  is  quite  unlikely  to  occur  on  one  ani¬ 
mation  run,  assuming  the  flashtube  is  not  changed. 

'  .riations  in  flashtube  voltage  were  tested  by  disconnecting  the 
voltage  regulator  stage  on  the  power  supply  and  exposing  two  neutral 
grey  images  on  the  film  consecutively,  one  at  950  volts  and  the  other 
at  850  volts;  the  highest  luminosity  was  .2615  and  the  lowest  was  .2061 
giving  a  total  variation  of  23.70  percent  for  the  100-volt  difference. 
There  was  no  chromaticity  difference.  This  voltage  variation  is  ten 
times  that  allowed  by  the  regulated  circuit,  so  luminosity  could  be 
expected  to  vary  about  2.5  percent  at  most. 

From  the  foregoing  tests  it  is  evident  uha;  luminosity  of  the  film 
image,  but  not  color,  is  affected  by  small  changes  in  exposure  parame¬ 
ters.  If  variations  in  processing  were  added  to  the  above  figures,  the 
total  spread  in  film  image  luminosity  could  be  as  high  as  about  20  per¬ 
cent.  However,  it  is  highly  improbable  that  all  conditions  that 
determine  image  luminosity  will  act  in  the  same  direction. 
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VI.  DISCUSSION 


The  present  design  of  the  display  simulator  satisfies  the  require¬ 
ment  of  the  project  for  which  it  was  built,  which  is  mainly  to  produce 
colored  images  with  quite  small  differences  in  chromaticity  grouped 
around  the  achromatic  or  'white'  point.  These  images  are  for  the  pur¬ 
pose  of  conducting  color  discrimination  tests  on  human  observers,  and 
do  not  demand  high  luminosity  differences  between  two  images  whose 
chromaticities  are  nearly  the  same  and  whose  colors  are  fairly  saturated. 
The  chromaticity  gamut  at  high  luminosity  levels  is  quite  restricted. 

With  the  possible  exception  of  this  limitation,  it  is  the  writer's 
opinion  that  the  design  of  the  display  simulator  is  adaptable  to  other 
projects . 

Occasions  could  arise  requiring  a  larger  chromaticity  gamut  than  the 
present  simulator  affords.  As  we  have  seen,  the  chromaticity  gamut  is 
determined  by  film  characteristics  and  spectral  characteristics  of  the 
exposure  light.  Not  much  can  be  done  with  th_  spectral  dye  densities 
and  spectral  sensitivities  of  off-the-shelf  color  film;  the  light  source, 
however,  can  be  controlled.  For  maximum  color  saturation  or  'purity' 
of  the  film  image  on  the  boundary  of  the  chromaticity  gamut,  exposures 
could  be  made  with  monochromatic  light,  thus  permitting  more  selective 
dye-image  reduction.  Let  us  suppose  that  instead  of  the  subtractive 
wedge  filters  with  their  comparatively  broad-band  transmission  curves 
and  one  light  source  ,  we  have  two  variable-wave  length  monochromatic 
light  sources.  By  combining  different  amounts  of  the  two  sources,  we 
should  be  able  completely  to  encompass  the  chromaticity  gamut  of  the 
film  itself,  because  we  could  then  reduce  the  dye  density  of  one,  two, 
or  three  dyes,  depending  on  the  wavelength  and  intensity  of  each  mono¬ 
chrometer.  This  could  also  be  done  with  multiple  exposures  through 
narrow-band  filters.  In  either  case  we  are  letting  the  overlapping 
spectral  sensitivities  of  the  three  dye  layers  in  the  film  work  to  our 
advantage.  The  obvious  disadvantage  is  that  exposure  times  might  be 
excessive  unless  the  monochrometers  or  narrow-band  filters  had  very 
intense  light  sources,  either  tungsten  or  gas  discharge  tube.  Also, 
the  light-mixing  optics  for  the  two  sources  would  be  more  complex  than 
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our  present  design.  If  the  two  light  sources  were  not  truly  monochro¬ 
matic,  but  had  a  band  width  of,  say,  .02  microns,  dyes  could  still  be 
separated  fairly  well  with  much  less  exposure. 

Another  improvement  might.be  to  have  the  subtractive  wedge  filters 
or  monochrometers  servo  controlled  to  adjust  their  position  with  time 
while  the  camera  runs  at  a  constant  framing  rate,  thereby  eliminating 
the  tedious  frame-by-frame  manual  filter  setting.  This  would  require 
additional  electronic  and  mechanical  hardware,  but  might  be  worthwhile 
if  many  films  were  to  be  made.  If  X-Y  positioning  of  the  stage  assembly 
were  also  servo  controlled,  the  operation  of  the  animation  stand  could 
be  almost  completely  programmed. 
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APPENDIX 


POWER  SUPPLE  SCHEMATIC 

Figure  22  is  a  breakdown  of  the  four  main  stages  of  the  power 
supply  system,  and  Figs.  23  through  26  are  electrical  schematic  diagrams 
of  each  stage.  The  rectifier  and  voltage  regulation  stages  are  housed  in 
a  single  unit,  and  the  capacitor  bank  and  flashtube  trigger  circuit  are 
housed  separately. 

SPECTRAL  TRANSMISSION  CURVES  OF  WEDGE  FILTERS 

Spectral  transmission  curves  were  run  at  four  points  on  each  of 
the  ten  wedge  filters.  These  points  have  scale  readings  of  2.0,  10.5, 
19.0,  and  27.5.  These  data  are  tabulated  in  Tables  4a  through  4j, 
with  one  table  for  each  wedge.  The  wavelength  \  runs  from  380  to  760 
millimicrons,  taken  at  intervals  of  10  millimicrons. 

FILM  CALIBRATION  EXPOSURE  DATA 

These  data  are  tabulated  in  Table  5  for  the  61  series  of  exposures, 
with  9  exposures  to  each  series,  for  a  total  of  549  calibration  frames. 
Wedge  filter  combinations,  camera  aperture  (both  indicated  and  actual), 
and  capacitance  (microfarads)  are  indicated,  as  well  as  the  resulting 
chromaticity  and  luminosity  data.  Calibration  frames  with  no  chromatic- 
ity  or  luminosity  data  entered  either  had  transmission  curves  so  close 
to  the  adjacent  one  that  they  could  not  be  accurately  read,  or  their 
luminosity  was  less  than  .01.  Voltage  was  held  at  900  VDC  throughout 
the  calibration.  The  film  used  was  Kodachrome  II,  emulsion  number 
7  265379-C, 


General  Klotcsi 

1 )  Wiring*  m  cables  P, -Pz  and  P3~  P4  is  pm- bo -pin. 

2)  Component  manufacturer  specified  in  onl^  {hose 
cases  cohere  a  preference  exists. 

3)  Resist ore  are  jz malt  unless  otherwise  noted 


Fig.  22  —  Power  supply  schematic  breakdown. 
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Fig.  25  --  Schematic  -  power  supply  capacitor  bank. 
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Table  4a 

SPECTRAL  TRANSMISSION  DATA  MAGENTA  1  WEDGE 
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Table  4b 

SPECTRAL  TRANSMISSION  DATA  MAGENTA  2  WEDGE 


A 

2.0M2 

10.5M2 

19.0M2 

27.5M2 

380 

.498 

.412 

.318 

.255 

390 

.653 

.586 

.510 

.451 

400 

.719 

.660 

.598 

.550 

410 

.745 

.688 

.633 

.587 

420 

.745 

.687 

.629 

.583 

430 

.722 

.655 

.598 

.547 

440 

.685 

.601 

.538 

.480 

450 

.628 

.530 

.459 

.395 

460 

.550 

.444 

.367 

.298 

470 

.470 

.353 

.275 

.208 

480 

.389 

.270 

.193 

.135 

490 

.310 

.195 

.128 

.081 

500 

.238 

.136 

.081 

.045 

510 

.188 

.100 

.053 

.027 

520 

.152 

.075 

.037 

.017 

530 

.130 

.059 

.027 

,011 

540 

.119 

.053 

.023 

.009 

550 

.123 

.057 

.026 

.010 

560 

.143 

.071 

.034 

.014 

570 

.183 

.100 

.054 

.026 

580 

.255 

.161 

.096 

.055 

590 

.343 

.239 

.163 

.107 

600 

.416 

.313 

.229 

.164 

610 

.465 

.363 

.279 

.210 

620 

.528 

.430 

.348 

.275 

630 

.610 

.534 

.454 

.383 

640 

.700 

.640 

.579 

.519 

650 

.774 

.734 

.690 

.649 

660 

.826 

.799 

.770 

.742 

670 

.857 

.836 

.821 

.800 

680 

.869 

.854 

.845 

.829 

690 

.876 

.863 

.857 

.846 

700 

.878 

.867 

.862 

.852 

710 

.879 

.869 

.865 

.856 

720 

.881 

.870 

.868 

.860 

730 

.882 

.872 

.870 

.863 

740 

.883 

.873 

.872 

.866 

750 

.883 

.874 

.874 

.868 

760 

.884 

.875 

.876 

.869 
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Table  4c 

SPECTRAL  TRANSMISSION  DATA  MAGENTA  3  WEDGE 


X 

2.0M3 

10 . 5M3 

19.0M3 

27.5M3 

380 

.255 

.104 

.033 

.007 

390 

.450 

.271 

.142 

.064 

400 

.544 

.375 

.229 

.129 

410 

.584 

.418 

.272 

.163 

420 

.578 

.408 

.258 

.153 

430 

.543 

.364 

.216 

.118 

440 

.474 

.289 

.147 

.069 

450 

.388 

.201 

.082 

.030 

460 

.293 

.  120 

.035 

.008 

470 

.201 

.062 

.011 

480 

.128 

.028 

.002 

490 

.075 

.009 

500 

.042 

.001 

510 

.024 

•  •  •  • 

520 

.015 

•  •  •  • 

530 

.009 

•  •  •  • 

540 

.008 

•  •  •  • 

550 

.009 

•  •  •  • 

560 

.013 

•  •  •  • 

570 

.024 

580 

.053 

.004 

590 

.103 

.019 

.001 

600 

.157 

.C42 

.007 

610 

.203 

.066 

.013 

620 

.267 

.107 

.U32 

.007 

630 

.377 

.197 

.085 

.031 

640 

.518 

.337 

.199 

.103 

650 

.645 

.504 

.366 

.247 

660 

.747 

.637 

.538 

.425 

670 

.800 

.723 

.656 

.566 

680 

.830 

.773 

.720 

.648 

690 

.843 

.797 

.751 

.693 

700 

.851 

.808 

.770 

.717 

710 

.856 

.816 

.782 

.733 

720 

.858 

.822 

.790 

.  7*+6 

730 

.860 

.828 

.799 

.756 

740 

.863 

.832 

.805 

.764 

750 

.865 

.836 

.811 

.772 

760 

.867 

.838 

.815 

.779 
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Table  4d 

SPECTRAL  TRANSMISSION  DATA  YELLOW  1  WEDGE 


\ 

2.0Y1 

10.5Y1 

19.0Y1 

27.5Y1 

380 

.629 

.363 

.166 

.064 

390 

.645 

.382 

.184 

.074 

400 

.646 

.379 

.179 

.073 

410 

.647 

.381 

.180 

.071 

420 

.655 

.396 

.193 

.079 

430 

.666 

.409 

.207 

.089 

440 

.679 

.427 

.222 

.099 

450 

.696 

.458 

,251 

.120 

460 

.720 

.510 

.307 

.163 

470 

.757 

.578 

.387 

.234 

480 

.796 

.662 

.496 

.345 

490 

.836 

.744 

.622 

.490 

500 

.867 

.810 

.728 

.633 

510 

.887 

.851 

.804 

.742 

520 

.898 

.874 

.850 

.809 

530 

.905 

.887 

.876 

.848 

540 

.907 

.896 

.890 

.873 

550 

.908 

.899 

.899 

.887 

560 

.909 

.901 

.904 

.895 

570 

.910 

.903 

.907 

.900 

580 

.911 

.906 

.912 

.906 

590 

.911 

.906 

.912 

.907 

600 

.910 

.904 

.911 

.907 

610 

.909 

.903 

.911 

.908 

620 

.909 

.905 

.912 

.909 

630 

.910 

.905 

712 

.910 

640 

.909 

.905 

.913 

.911 

650 

.909 

.905 

.914 

.911 

660 

.908 

.903 

.913 

.911 

670 

.907 

.903 

.912 

.911 

680 

.906 

.903 

.912 

.911 

690 

.906 

.902 

.912 

.911 

700 

.905 

.901 

.92 1 

.910 

710 

.903 

.900 

.910 

.909 

720 

.902 

.899 

.910 

.909 

730 

.901 

.899 

.  310 

.908 

740 

.901 

.898 

.909 

.907 

750 

.901 

.898 

.909 

.907 

760 

.901 

.898 

.909 

.907 
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Table  4e 

SPECTRAL  TRANSMISSION  DATA  YELLOW  2  WEDGE 


X 

2.0Y2 

10.5Y2 

19.0Y2 

27.5Y2 

380 

.148 

.001 

•  •  •  • 

•  •  •  • 

390 

.157 

.OGi 

*  •  •  • 

•  •  •  • 

400 

.144 

.001 

•  •  •  • 

•  •  •  • 

410 

.141 

.002 

•  •  •  • 

•  •  •  • 

420 

.151 

.002 

•  •  •  • 

•  •  •  » 

430 

.163 

.002 

•  •  •  • 

•  •  •  • 

440 

.177 

.003 

•  •  •  • 

•  •  •  • 

450 

.205 

.007 

•  •  •  • 

•  •  •  • 

460 

.261 

.017 

.002 

•  it* 

470 

.341 

.039 

.009 

.001 

480 

.454 

.099 

.036 

.010 

490 

.588 

.230 

.117 

.054 

500 

.709 

.414 

.279 

.180 

510 

.792 

.588 

.472 

.374 

520 

.842 

.702 

.529 

.549 

530 

.869 

.781 

.729 

.669 

540 

.887 

.831 

.798 

.760 

550 

.897 

.862 

.843 

.816 

560 

.902 

.878 

.869 

.852 

570 

.905 

.889 

.886 

.872 

580 

.908 

.896 

.  894 

.885 

590 

.910 

.899 

.899 

.891 

600 

.909 

.899 

.900 

.895 

610 

.908 

.899 

.902 

.897 

620 

.908 

.900 

.903 

.898 

630 

.909 

.901 

.904 

.899 

640 

.909 

.902 

.904 

.900 

650 

.908 

.902 

.905 

.900 

660 

.908 

.901 

.904 

.900 

670 

,907 

.900 

.904 

.900 

680 

.907 

.900 

.904 

.900 

690 

.906 

.900 

.904 

.900 

700 

.906 

.900 

.904 

.900 

710 

.905 

.899 

.903 

.900 

720 

.905 

.899 

.903 

.900 

730 

.904 

.899 

.903 

.900 

740 

.904 

.899 

.902 

.900 

750 

.903 

.898 

.902 

.900 
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Table  4f 

SPECTRAL  TRANSMISSION  DATA  YELLOW  3  WEDGE 


2.0Y3  10.5Y3  19.0Y3  27.5Y3 


X 


380 

390 

400 

410 

420 

430 

A40 

450 

460 

470 

480 

490 

500 

510 

520 

530 

540 

550 

560 

570 

580 

590 

600 

610 

620 

630 

640 

650 

660 

670 

680 

690 

700 

710 

720 

730 

740 

750 

760 


•  •  •  • 
.004 
.025 
.039 
.239 
.434 
.594 
.703 
.780 
.828 
.858 
.874 
.885 
.890 
.891 
.892 
.893 
.895 
.896 
.897 
.896 
.895 
.895 
.895 
.895 
.895 
895 
.895 
.895 
.895 
.895 


.002 

.044 

.170 

.350 

.510 

.641 

.733 

.799 

.838 

.858 

.868 

.875 

.878 

.882 

.883 

.885 

.888 

.887 

.886 

.885 

.885 

.888 

.888 

.388 

.888 

.888 

.888 

.888 


•  •  i  • 
.008 
.065 
.210 
.375 
.533 
.565 
.755 
.810 
.842 
.859 
.869 
.878 
.882 
.886 
.889 
.892 
.892 
.893 
.892 
.894 
.897 
.898 
.900 
.900 
.900 
.901 
.902 


•  •  •  • 
.023 
.110 
.260 
.426 
.576 
.697 
.769 
.813 
.838 
.852 
.862 
.868 
.875 
.878 
.881 
.883 
.883 
.883 
.885 
.890 
.892 
.895 
.895 
.895 
.896 
.897 
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Table  4g 

SPECTRAL  TRANSMISSION  DATA  CYAN  1  WEDGE 


2.0C1  10.5CJL  19.0C1  27.5C1 


380 

390 

400 

410 

420 

430 

440 

450 

460 

470 

480 

490 

500 

t 

520 

530 

540 

550 

560 

570 

580 

590 

600 

610 

620 

630 

640 

650 

660 

670 

680 

690 

700 

710 

720 

730 

740 

750 

760 


.801 

.700 

.612 

.509 

.829 

.736 

.658 

.570 

.846 

.768 

.703 

.625 

.857 

.794 

.742 

.677 

.854 

.810 

.765 

.709 

.86-’ 

.818 

.777 

.720 

.868 

.819 

.778 

.726 

.869 

.820 

.780 

.727 

.870 

.822 

.782 

.728 

.872 

.824 

.  7f~'> 

.731 

.873 

.825 

.785 

.  /31 

.872 

.823 

.  7vV 

.723 

.870 

.817 

7  , 

.713 

.  btti 

.809 

.761 

.698 

.862 

.793 

.735 

.664 

.852 

.773 

.  7C5 

.626 

842 

.750 

.  66S 

.584 

.832 

.724 

.633 

.538 

.813 

.688 

.584 

.475 

.794 

.644 

.524 

.411 

.781 

.615 

485 

.371 

.773 

.602 

.468 

.351 

.760 

.570 

.432 

.313 

.735 

.514 

.369 

.249 

.703 

.465 

.313 

.198 

.  691 

.448 

.298 

.183 

.716 

.495 

.348 

.229 

.738 

.523 

.378 

.258 

.718 

.498 

.348 

.227 

.700 

.453 

.299 

.182 

.665 

.405 

.249 

.143 

.690 

.449 

.303 

.188 

.774 

.605 

.489 

.372 

.827 

.722 

.640 

.547 

.850 

.784 

.724 

.655 

.866 

.818 

.777 

.722 

.876 

.844 

.818 

.777 

.883 

.862 

.849 

.821 

.889 

.874 

.869 

.849 
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Table  4h 

SPECTRAL  TRANSMISSION  DATA  CYAN  2  WEDGE 


X 


330 

390 

400 

410 

420 

430 

440 

450 

460 

470 

480 

490 

500 

510 

520 

530 

540 

550 

560 

570 

580 

590 

600 

610 

620 

630 

640 

650 

660 

670 

680 

690 

700 

710 

720 

730 

740 

750 

760 


2.0C2  10.5C2 


.652 

.470 

.683 

.502 

.705 

.541 

.734 

.586 

.754 

.618 

.756 

.628 

.758 

.628 

.757 

.628 

.757 

.625 

.758 

.626 

.759 

.627 

.756 

.615 

.745 

.598 

.732 

.581 

.712 

.545 

.677 

.484 

.640 

.430 

.602 

.389 

.554 

.327 

.494 

.258 

.451 

.214 

.434 

.194 

.399 

.163 

.340 

.119 

.287 

.082 

.268 

.072 

.312 

.098 

.348 

.124 

.329 

.111 

.288 

.084 

.239 

.057 

.277 

.074 

.439 

.202 

.593 

.376 

.684 

.506 

.741 

.598 

.783 

.674 

.823 

.745 

.848 

.795 

19.0C2 

27.5C2 

.331 

.193 

.367 

.224 

.408 

.266 

.463 

.322 

.500 

.363 

.512 

.375 

.513 

.375 

.500 

.374 

.508 

.369 

.508 

.370 

.509 

.370 

.493 

.353 

.470 

.328 

.452 

.308 

.403 

.257 

.339 

.194 

.280 

.145 

.238 

.114 

.179 

.072 

.125 

.041 

.094 

.027 

.081 

.021 

.062 

.013 

.038 

.005 

.020 

.001 

.017 

.001 

.028 

.003 

.039 

.007 

.033 

•  •  •  • 

.021 

•  •  •  • 

.011 

•  •  •  • 

.019 

.001 

.088 

.029 

.236 

.122 

.372 

.238 

.482 

.348 

.583 

.462 

.674 

.582 

.749 

.678 
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Table  4i 

SPECTRAL  TRANSMISSION  DATA  CYAN  3  WEDGE 


\ 

2.0C3 

10.5C3 

19.0C3 

27.5C3 

380 

.468 

.167 

.054 

.022 

390 

,501 

.195 

.070 

.032 

400 

.540 

.238 

.096 

.048 

410 

.585 

.292 

.138 

.077 

420 

.615 

.334 

.163 

.103 

430 

.625 

.347 

.186 

.111 

440 

.625 

.348 

.187 

.111 

450 

.625 

.345 

.185 

.109 

460 

.621 

.340 

.179 

.106 

470 

.622 

.340 

.180 

.107 

480 

.624 

.343 

.181 

.108 

490 

.612 

.326 

.167 

.095 

500 

,595 

.300 

.147 

.079 

510 

.581 

.283 

.132 

.068 

520 

.544 

.237 

.099 

.046 

530 

.482 

.174 

.061 

.022 

540 

.428 

.127 

.036 

.011 

550 

.388 

.098 

.023 

.004 

560 

.324 

.061 

.009 

570 

.256 

.032 

580 

.212 

.019 

590 

.192 

.015 

600 

.162 

.009 

610 

.118 

.002 

620 

.081 

•  •  •  • 

630 

.071 

•  •  •  • 

640 

.098 

.001 

650 

.123 

.003 

660 

.109 

•  •  •  • 

670 

.083 

•  •  •  • 

680 

.057 

•  •  •  • 

690 

.074 

•  •  •  • 

700 

.195 

.018 

710 

.372 

.091 

.018 

.004 

720 

.502 

.201 

.069 

.033 

730 

.594 

.309 

.148 

.088 

740 

.673 

.427 

.254 

.180 

750 

.741 

.549 

.387 

.312 

760 

.792 

.648 

.521 

.449 
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Table  4j 

SPECTRAL  TRANSMISSION  DATA  NEUTRAL  WEDGE 


2«0Nu _ 10 . 5Nu  19  .ONu  27.5Nu 


380 

.718 

390 

.745 

400 

.765 

410 

.775 

420 

,782 

430 

.788 

440 

.791 

450 

.797 

460 

.800 

470 

.803 

480 

.806 

490 

.809 

500 

.809 

510 

.810 

520 

.811 

530 

.812 

540 

.812 

550 

.812 

560 

.810 

570 

.810 

580 

.810 

590 

.811 

600 

.809 

610 

.807 

620 

.810 

63° 

.811 

640 

.814 

650 

.815 

660 

.816 

670 

.815 

680 

.814 

690 

.813 

700 

.812 

710 

.811 

720 

.810 

730 

.810 

740 

.810 

750 

.810 

760 

.810 

.448 

.250 

.499 

.303 

.538 

.345 

.563 

.379 

.582 

.402 

.588 

.421 

.609 

.436 

.617 

.447 

.625 

.454 

.629 

.460 

.633 

.465 

.635 

.468 

.636 

.470 

.640 

.474 

.640 

.476 

.641 

.476 

.642 

.478 

.642 

.475 

.641 

.474 

.640 

.469 

.639 

.470 

.639 

.472 

.639 

.473 

.640 

.477 

.643 

.479 

.648 

.484 

.650 

.488 

.655 

.492 

.655 

.495 

.655 

.498 

.655 

.500 

.656 

.502 

.657 

.505 

.657 

.506 

.658 

.508 

.658 

.510 

.658 

.511 

.659 

.515 

.660 

.517 

.116 

.155 

.192 

.221 

.246 

.264 

.280 

.292 

.300 

.306 

.311 

.313 

.317 

.319 

.322 

.324 

.326 

.328 

.327 

.325 

.325 

.327 

.328 

.329 

.331 

.333 

.337 

.340 

.343 

.347 

.349 

.351 

.354 

.357 

.358 

.360 

.362 

.364 

.368 


Table 
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21.2-1  15.5-2  2.0-1  2.0  16  32  240 


Wedges  f-stop  Chromaticiry  Data 

Cal.  Exposure  Capac- 

No.  Series  Magenta  Yellow  Cyan  Neutral  Indicated  Actual  itance  x  y  L 

82  10  15.1-2  15.5-2  2.0-1  2.0  1.4  2.8  480  .4841  .4410  .5149 
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